Many Gram-negative bacteria produce outer membrane vesicles (OMVs) during cell growth and division, and some bacterial pathogens deliver virulence factors to the host via the release of OMVs during infection. Here we show that Yersinia pestis, the causative agent of the disease plague, produces and releases native OMVs under physiological conditions. These OMVs, approximately 100 nm in diameter, contain multiple virulence-associated outer membrane proteins including the adhesin Ail, the F1 outer fimbrial antigen, and the protease Pla. We found that OMVs released by Y. pestis contain catalytically active Pla that is competent for plasminogen activation and a2-antiplasmin degradation. The abundance of OMV-associated proteins released by Y. pestis is significantly elevated at 37uC compared to 26uC and is increased in response to membrane stress and mutations in RseA, Hfq, and the major Braun lipoprotein (Lpp). In addition, we show that Y. pestis OMVs are able to bind to components of the extracellular matrix such as fibronectin and laminin. These data suggest that Y. pestis may produce OMVs during mammalian infection and we propose that dispersal of Pla via OMV release may influence the outcome of infection through interactions with Pla substrates such as plasminogen and Fas ligand.
Introduction
Outer membrane vesicles (OMVs) are closed spherical portions of the bacterial outer membrane that contain phospholipids, outer membrane proteins, lipopolysacharide (LPS), and periplasmic contents [1] . Produced by many Gram-negative bacteria such as Escherichia coli, Pseudomonas aeruginosa, and Helicobacter pylori [2] [3] [4] , OMVs are formed when small portions of the outer membrane pinch off from the cell and are released as selfcontained spherical structures that range from 20-250 nm in size [5] . While the biogenesis of OMVs is poorly understood, it is thought that expansion of the outer leaflet of the membrane relative to the inner leaflet induces membrane curvature that forces the outer membrane to bud away from the cell [5, 6] . OMV production can be detected in bacterial communities growing under a variety of conditions, including planktonic cultures as well as in surface-attached biofilm communities [7, 8] .
OMVs are produced by both pathogenic and non-pathogenic bacteria [9] [10] [11] . OMVs released by pathogens can contain multiple components that interact with the host, including LPS, virulence factors, and other antigens. Pathogen-derived OMVs may contribute to virulence by modulating the innate immune response, delivering toxins to cells, dispersing antigens and virulence factors away from the bacterium, trafficking signaling molecules between bacteria, and more. Microscopic examination of tissues has detected the presence of OMVs near host cells or within host tissues, suggesting an interaction between OMVs and the host during infection [12] [13] [14] . Further, OMVs have been found to deliver active toxins to host cells, including the enterotoxigenic E. coli heat-labile enterotoxin (LT), the enterohemorrhagic E.coli pore-forming cytotoxin ClyA, and the H. pylori VacA protein [3, 11, 15] . Environmental stresses contribute to the production of OMVs [16] , suggesting that, as bacteria encounter stressors such as those found within the infected host, the production of OMVs may not only manipulate interactions with the host but also aid in the survival of the bacterium.
The Gram-negative bacterium Yersinia pestis, a pathogen of both insects and mammals, can be transmitted to humans via the bite of hematophagous insects (typically fleas) or through the inhalation of respiratory droplets or aerosols containing the bacteria, and can cause bubonic, pneumonic, or septicemic plague [17] . Temperature is a major regulator of gene expression in Y. pestis, controlling both transcriptional and post-transcriptional responses [18, 19] . At lower temperatures (,25uC), Y. pestis produces factors that maximize survival and colonization in the flea, such as biofilms [20] , while at higher temperatures (.30uC), the bacterium expresses genes required for mammalian infection, including the adhesin Ail, the F1 fimbrial antigen (Caf1), the outer membrane protease Pla, and the Yop-Ysc type III secretion system (T3SS) [21] [22] [23] [24] . Thus, Y. pestis possesses a variety of virulence factors, including a number of outer membrane-associated factors, which are necessary for interacting with its hosts to ultimately cause disease.
Among these, the Pla protease is necessary for the progression of both bubonic and pneumonic plague, but is dispensable during septicemic plague [21, 25, 26] . Pla is known to cleave a number of mammalian host proteins, including the zymogen plasminogen (plg), the plasmin inhibitor a2-antiplasmin, and the recently identified substrate Fas ligand (FasL), a major inducer of host cell death via apoptosis [27] [28] [29] [30] [31] . In addition, Pla has also been shown in vitro to act as an adhesin to extracellular matrices by binding laminin as well as promoting the bacterial invasion of HeLa cells [24, 32, 33] .
As Pla is an insoluble outer membrane protein dependent on rough LPS for its protease activity, it is not thought to be secreted by Y. pestis [34] [35] [36] . However, we have detected active Pla in cellfree culture supernatants, suggesting that this cell-free form of Pla could be contained on OMVs. Here we investigate the ability of Y. pestis to produce native OMVs, characterize the presence and activities of various virulence factors carried on released OMVs, and propose a role for these OMVs during mammalian infection.
Results
Outer membrane protein activity in cell-free culture supernatants
Our laboratory has detected the activity of the outer membrane protein Pla in cell-free culture supernatants during the exponential growth phase of Y. pestis. To explore this further, 0.2 mm-filtered, cell-free culture supernatants from either wild-type Y. pestis or an isogenic mutant of Y. pestis lacking Pla (Y. pestis Dpla) were grown in the rich media brain-heart infusion (BHI) at 37uC and tested for the ability to convert plg to the active plasmin form, an activity dependent on Pla. We found that filtered culture supernatants from wild-type but not Y. pestis Dpla contained measurable levels of Pla activity (Fig. 1) . This activity was lost when these 0.2 mmfiltered culture supernatants were further passed through a filter with a 100 kDa cutoff (Fig. 1) . As the molecular weight of Pla is 37 kDa and Pla is not predicted to form multimers, these data suggest that the form of Pla found in cell-free culture supernatants may be contained on bacterial superstructures greater than 100 kDa [37] . While this could represent cellular lysis, the observation of OMV formation by other Gram-negative bacteria prompted the consideration of OMV production by Y. pestis.
Y. pestis produces OMVs
OMV-like structures have been previously observed on the surface of Y. pestis bacteria [38] . To examine whether Y. pestis produces OMVs under laboratory conditions, bacteria were cultured in BHI at 37uC and at various times during growth, aliquots of bacteria were removed, fixed, and examined via both scanning and transmission electron microscopy. Micrographs revealed round, vesicle-like structures attached to or affiliated with the surface of Y. pestis bacilli ( Fig. 2A & 2B ). While these structures could be artifacts of the fixation procedure, they are similar to those observed on the surfaces of other bacterial species, suggesting the formation of OMVs [39] .
To determine whether these structures are truly natural products of Y. pestis and share characteristics with OMVs produced by other bacteria, we purified potential native OMVs released by Y. pestis using standard, established vesicle isolation techniques that do not require sonication, shearing, or chemical treatments to induce vesicle production [5, 40] . Briefly, 0.2 mmfiltered, mid-log growth-phase culture supernatants were concentrated and ultracentrifuged to isolate outer membranes. To purify vesicles from cellular debris, the isolated material was subjected to Optiprep-based gradient ultracentrifugation, resulting in a separation of contaminating cellular proteins and the OMVs based on lipid content into multiple independent fractions [3] . We analyzed the fractions by transmission electron microscopy and found characteristic OMV-like spherical structures (Fig. 2C) , similar to vesicles isolated from other Gram-negative bacteria [1, 8, 41] . Together, these SEM and TEM images indicate that Y. pestis releases material under standard laboratory conditions that is consistent with that of bacterial OMVs. We determined the average size of these isolated OMVs to be 93.07+/211.75 nm in diameter (Fig. 2D) .
Characterization of proteins associated with Y. pestis OMVs
OMVs are known to carry a wide array of proteins associated with the outer membrane, periplasm, and cytoplasm of Gramnegative bacteria. Therefore, we examined if Y. pestis OMVs are enriched for protein subsets compared to whole bacteria and if specific outer membrane virulence factors are present on these OMVs. To minimize contamination from cellular lysis, OMVs were isolated from mid-log phase cultures without the use sonication or chemical treatment in order to purify naturally occurring OMVs. First, we analyzed by reducing SDS-PAGE fractions 2-7 of the Optiprep gradient used to purify OMVs. We found that fractions from the Optiprep gradient contained proteins that were either enriched or reduced in abundance compared to Y. pestis whole cell lysates (WCL) (Fig. 3A) . In Y. pestis, a number of proteins contained within or associated with the outer membrane are virulence determinants, and many of these are produced at 37uC, including Ail, Pla, and Caf1 [42] . Therefore, to determine if OMVs produced by Y. pestis at 37uC contain these specific outer membrane-associated proteins, immunoblot analyses were performed with antibodies to Ail, Caf1, and Pla. To determine the enrichment of these proteins compared to the cytoplasmic fraction, we also examined OMVs for the presence of Hfq, a cytoplasmic protein that serves as a chaperone for small RNAs, and RpoA, the alpha subunit of RNA polymerase that is also found in the cytoplasm. We consistently found that the outer membrane-associated proteins Ail and Caf1 were present in gradient fractions 4-6, and that these same fractions contained minimal RpoA and Hfq (Fig. 3B, left panels) . On the other hand, we were unable to detect Pla in the individual pure OMV fractions; therefore, to increase protein abundance we combined and concentrated fractions 4-6 and repeated the same immunoblot analysis. Using this approach we could detect the presence of Pla on the OMVs (Fig. 3B, right panels) . We also isolated OMVs from the Dpla strain of Y. pestis, as Pla is known to cleave Y. pestis proteins and thus could alter the composition of the OMVs themselves [37, 43] . OMVs from Y. pestis Dpla contain the outer membrane proteins Ail and Caf1 and lack Pla as well as the cytoplasmic proteins RpoA and Hfq (Fig. 3B , left panels). This indicates that the loss of Pla does not impact the presence or absence of these other Y. pestis proteins contained on OMVs. To demonstrate the presence of Caf1 on the surface of OMVs, OMVs were immuno-labeled with antibodies to Caf1 using 6 nm-sized gold beads. Transmission electron micrographs of OMVs labeled with anti-Caf1 antibody demonstrates that Caf1 protein is indeed present on the surface of isolated OMVs (Fig. 3C ).
Proteomic analysis of Y. pestis OMVs
In order to more thoroughly analyze the proteins associated with Y. pestis OMVs, we purified OMVs from bacteria cultured at 37uC in biological triplicate and analyzed the protein content by mass spectrometry. A total of 270 unique proteins present in at least 2 of the 3 replicates were identified and the subcellular localization of each protein was predicted using the PSORTb algorithm (Table S1 ). This analysis indicated that of the 270 proteins identified, 15 (6%) are derived from the outer membrane (including Ail and Caf1), 68 (25%) are found in the periplasm, 5 (2%) are from the inner membrane, and 160 (58%) are cytoplasmic (Fig. 3D ). Of note, we failed to detect Pla peptides by mass spectrometry, even though we are able to observe the presence of Pla and its activity by immunoblot and other assays (see below). In total, these results confirm that native OMVs produced by Y. pestis contain and display a significant number of proteins, including multiple virulence factors.
Increased production of OMVs in response to temperature and stress
Temperature is a major regulator of gene expression in Y. pestis, and OMV production by other bacteria has been observed at both low and higher temperatures [7, 8, 44] . With this in mind, we examined whether changes in temperature affect OMV production by Y. pestis. OMVs were isolated from Y. pestis cultured at either 26uC or 37uC and total protein content associated with the purified OMV fractions was measured. We found a significantly greater quantity of OMV-associated protein released into the culture media at 37uC compared to 26uC, suggesting that OMV production is more abundant at elevated temperatures (Fig. 4A) . In addition, activation of bacterial stress response pathways has been shown to increase the formation of OMVs [40, [45] [46] [47] [48] . We first investigated the impact of cold shock, a well-established inducer of stress in Gram-negative bacteria [49] , on OMV production by incubating cultures of Y. pestis grown at 37uC on ice for one hour. Quantification of OMV-associated proteins isolated from these cold-shocked bacteria demonstrated a significant increase in the release of OMVs compared to bacteria maintained at 37uC (Fig. 4B) .
To test whether the loss of factors that respond to membrane stress contributes to or alters OMV production by Y. pestis, we employed deletions in the genes encoding RseA, Hfq, and the major Braun lipoprotein Lpp. The anti-sigma factor protein RseA is a negative regulator of SigmaE; deletion of rseA results in elevated activity of SigmaE, a regulator of the outer membrane stress response [50] [51] [52] . Hfq is a chaperone for small, non-coding regulatory RNAs (sRNAs), and recent studies have shown that Hfq is necessary for resistance to multiple stressors by Yersinia species [53] [54] [55] . Lpp links the outer membrane to peptidoglycan, and the deletion of lpp disrupts membrane stability, contributing to increases in OMV formation in several bacteria [5, 56, 57] . Isogenic deletions of rseA, hfq, and lpp in Y. pestis results in 3.0, 2.4, and 3.6-fold increases in OMV-associated proteins present in the culture media, respectively, when compared to OMV production by wild-type bacteria at 37uC (Fig. 4B) . In total, these results provide evidence that the production and release of OMVs by Y. pestis likely increases when undergoing both temperature and cell envelope stress in a manner similar to other Gram-negative bacteria.
Y. pestis OMVs contain active Pla
Proteins contained within bacterial OMVs often retain biological activity [5, [58] [59] [60] , therefore we hypothesized that OMVbound Pla may remain catalytically active and able to cleave its substrates, such as plg. To test this, we isolated OMVs from wildtype and Dpla Y. pestis and then performed a plg-activation assay with these vesicles. Wild-type OMVs containing Pla activated plg in a dose-dependent manner, while OMVs from Y. pestis Dpla were unable to activate plg (Fig. 5A) . We also examined the ability of purified OMVs to degrade a2-antiplasmin, another established substrate of Pla [28] . Incubation of OMVs with purified a2-antiplasmin resulted in a Pla-dependent loss of detectable a2-antiplasmin over time as determined by immunoblot analysis (Fig. 5B) . Thus, these results demonstrate that OMVbound Pla retains the ability to cleave known substrates of the protease.
Y. pestis OMVs adhere to the extracellular matrix
Both Ail and Pla facilitate binding of Y. pestis to components of the extracellular matrix (ECM) [61] . Since we have shown that Y. pestis OMVs contain these adhesins, we tested whether wild-type or Dpla OMVs are also able to bind to ECM components. We incubated Y. pestis-derived OMVs in 96-well plates coated with Matrigel (a 3-dimensional ECM composed of laminin, collagen type IV, heparan sulfate proteoglycan, and entactin) or individual components of the ECM such as fibronectin, laminin, and collagen, and assessed binding by ELISA using fluorescently labeled anti-Caf1 antibodies. We found that OMVs derived from wild-type Y. pestis were able to interact with Matrigel, fibronectin, and laminin to a significantly greater degree than to bovine serum albumin (BSA)-coated wells, demonstrating that Y. pestis OMVs retain the ability to bind to ECM components (Fig. 6) . Furthermore, the presence of Pla on these OMVs significantly contributes to the binding of OMVs to Matrigel and laminin, suggesting that in this context, Pla may also serve as an adhesin for OMVs to these components of the ECM (Fig. 6) . Taken together, our data demonstrate that Pla retains both attributed biological functions (i.e adhesive and protease activities) when contained on OMVs.
Discussion
A growing body of evidence suggests that OMVs play critical roles in the physiology and life cycle of many bacteria, including the killing of competing species, transferring genetic material to other bacteria, delivering toxins and virulence factors to host cells, and modulating the immune response of the host [3, [58] [59] [60] . While a large aspect of OMV research is aimed at understanding the host recognition of antigenic OMV-bound factors, particularly for vaccine development, the native activity of proteins on OMVs may also play distinct roles in pathogenesis and the modulation of host defense during bacterial infection. Indeed, this has been observed for enterotoxigenic E. coli via the OMV-mediated delivery of LT to host cells and for the OMV-mediated induction of IL-8 by H. pylori and P. aeruginosa [3, 4, 62] .
Here we show that Y. pestis, the causative agent of plague, releases OMVs under physiological conditions. As expected based on their derivation, these OMVs carry multiple constituents of the outer membrane, although it is not yet known whether Y. pestis actively sorts specific proteins and/or modulates their abundance into OMVs during biogenesis. Our data suggest that a limited number of outer membrane proteins are associated with native OMVs produced by Y. pestis in vitro and that the F1 capsular antigen Caf1 represents the major constituent of the OMVs, as illustrated by immunoblot and a high MASCOT score determined by mass spectrometry. We hypothesize that the abundance of Caf1 might exclude other outer membrane proteins from associating with native OMVs. This is supported by our data indicating that there is less Ail per mg of protein in OMVs compared to the equivalent amount of protein derived from a Y. pestis whole cell lysate. This observation, coupled with the fact that Pla autoprocesses itself (potentially limiting the number of peptide fragments for detection), could explain why Pla protein levels were below the detectable limit in our mass spectrometry analysis, even though OMV-associated Pla activity can be measured in a variety of assays. Thus we cannot rule out that there may be additional proteins associated with OMVs that were not detected by mass spectrometry but could be identified through alternative protein isolation techniques.
Our analysis of the protein profile associated with native OMVs is consistent with a number of studies that find an abundance of both outer membrane and periplasmic proteins and an exclusion of inner membrane proteins [58, 60, [63] [64] [65] . Studies characterizing the outer membrane proteome of Y. pestis grown in vitro have shown that between 50 and 70 proteins are associated with the outer membrane and these are altered in a temperature shift between 26uC and 37uC [42, 66] . Additionally these studies identified 31 outer membrane proteins associated with the outer membrane fraction isolated from Y. pestis and we identified 15 outer membrane proteins by mass spectrometry that are associated with OMVs when bacteria are grown at 37uC, representing approximately 20% of the total outer membrane proteome and 33% of the OM proteins previously identified associated with whole bacterial membranes. We found a number of cytoplasmic proteins associated with Y. pestis OMVs, including Elongation factor Tu, GroEL, RpsA, RplL, and DnaK, which is consistent with findings from the studies of multiple Gram-negative OMVs, including Neisseria meningitidis [67] , E. coli [65] , Brucella melitensis [60] , and Edwardsiella tarda [63] . Some of the cytoplasmic contaminants we observed are also known virulence determinants or immune stimulants such as GroEL, Ymt, and a tellurium resistance protein. These proteins were also identified as associated with Y. pestis OMV-like outer membrane blebs [38] . It is unknown whether these common cytoplasmic proteins associated with Gram-negative OMVs are contaminants or represent cytoplasmic proteins either non-specifically or specifically targeted into OMVs during their biogenesis.
Based on studies of OMV production by other bacterial pathogens during infection, we hypothesize that OMV release by Y. pestis in the mammal could have multiple physiological consequences, such as influencing the immune response to the infection, altering host cell function, and aiding bacterial spread through the dysregulation of the host hemostatic and innate immune systems. For instance, OMV interaction with the ECM could facilitate disruption of the epithelial layer via Pla or other factors, thereby permitting development of the characteristic edema and fluid accumulation observed during pneumonic plague. Indeed, OMVs from a variety of pathogens have been detected in the fluids of infected hosts, demonstrating their ability to spread from the site(s) of infection [68] [69] [70] . While it is not yet known if Y. pestis produces OMVs during infection, dispersal of OMVs may prove beneficial for the plague bacillus by delivering antigens and virulence factors, such as Pla or Ail, to sites distal to the bacterium. For instance, OMV-mediated dispersal of active Pla could expand the range of fibrin degradation near the bacteria, allowing for further bacterial spread in the tissue.
In addition, while the T3SS dampens immune cell activation around the bacteria themselves through the direct injection of T3SS Yop effectors into recruited hematopoietic cells, dispersal of OMVs could redirect the focus of polymorphonuclear cells away from the bacteria, prolonging bacterial survival. Furthermore, if OMVs interact with host cells that are not otherwise targeted by the T3SS, those host cells could themselves become activated in a manner that results in inflammation and further immune cell recruitment. We speculate that OMVs may allow for catalytically active Pla to act upon targets in the lungs during pneumonic plague, such as the newly discovered target Fas ligand, resulting in altered host cell apoptosis and innate immunity [29] . Thus, the production of OMVs by Y. pestis may provide an explanation for how a pathogen with a significant array of anti-inflammatory (Table S3) . doi:10.1371/journal.pone.0107002.g003
virulence factors is able to induce a highly pro-inflammatory state during disease.
Y. pestis infection of mammals is generally extracellular in nature, and the only bacterial products thought to be delivered to the host cell cytoplasm are those injected by the T3SS. It has been repeatedly demonstrated, however, that OMVs released by other bacterial pathogens are capable of fusing with or are internalized by host cells [4, 14] . Thus, OMV production by Y. pestis could potentially result in the delivery of otherwise extracellular or cell surface-associated bacterial factors directly to the eukaryotic cell cytosol. If Y. pestis-produced OMVs are capable of fusing with the host cell during infection, this raises the possibility that extracellular virulence factors of the plague bacillus may also have intracellular activities. For instance, if Pla is internalized via OMV fusion or endocytosis, the Pla protease could alter host cell function by cleaving or degrading intracellular proteins. If these targeted proteins contribute to pathogen sensing, signaling, or basic biological processes, this could explain the diverse roles of Pla during pneumonic plague beyond its effects on fibrinolysis and apoptosis.
While the release of OMVs by Y. pestis may be playing a natural role during host infections, it is also tempting to speculate on the Figure 4 . Effects of temperature and stress response factors on OMV production. (A) OMVs were isolated from Y. pestis cultured at either 26uC or 37uC, and total protein abundance associated with the OMVs was measured. Protein concentrations were normalized to the OD 620 of the bacterial cultures. (B) Wild-type Y. pestis or strains lacking the genes for RseA, Hfq, or Lpp were cultured at 37uC as above and OMVs were isolated and total associated protein was measured and normalized to the OD 620 . For cold shock experiments, bacteria were placed in an ice water bath for one h before proceeding. One experiment representative of two biological replicates is shown. The mean and SE are shown. *p,0.05, **p,0.005 (student's t-test). doi:10.1371/journal.pone.0107002.g004 Figure 5 . OMV-bound Pla is catalytically active and interacts with components of the ECM. (A) Plg-activating ability of wild-type or Dpla Y. pestis bacteria or OMVs. Whole bacteria or purified OMVs were incubated with human glu-plg and a fluorescent substrate of plasmin for 3 hours at 37uC. (B) Degradation of a2-antiplasmin by wild-type or Dpla Y. pestis bacteria or OMVs. Whole bacteria or purified OMVs were incubated with purified human a2-antiplasmin at 37uC and at the times indicated, the presence of uncleaved a2-antiplasmin was determined by immunoblot analysis. doi:10.1371/journal.pone.0107002.g005 Figure 6 . Binding of Y. pestis OMVs to components of the extracellular matrix. Wild-type or Dpla OMVs were examined by ELISA for the ability to bind the ECM components Matrigel, fibronectin, laminin, and collagen. BSA was used as a negative control for binding and differences in fluorescence are presented as fold change compared to BSA (set at 1). The combined mean and SE of 3 independent experiments are shown. *p, 0.05, **p,0.005 (two-way ANOVA). doi:10.1371/journal.pone.0107002.g006 use of purified OMVs as a tool to determine the specific roles of outer membrane virulence factors in the host independent of replicating, metabolically active, or secretion-competent bacteria. This could be particularly useful for the study of proteins that are otherwise intransigent to purification due to their structure or requirement for bacterial co-factors for full activity, such as Pla. Experiments using OMVs as a virulence factor ''delivery system'' have been performed with a variety of Gram-negative organisms including uropathogenic E. coli [59] , E. tarda [63] , B. melitensis [60] , and N. meningitidis [71] , and similar experiments with Y. pestis OMVs are likely to elaborate our understanding of the overall virulence strategy of this high-risk pathogen.
Materials and Methods

Reagents, bacterial strains and growth conditions
All reagents were obtained from Sigma-Aldrich or VWR unless otherwise indicated. All Y. pestis strains described in this study lack the pCD1 virulence plasmid, and bacterial strains used in this study are listed in Table S2 . Y. pestis strains were routinely cultured on brain heart infusion (BHI) (Difco) agar or in liquid BHI broth at 26uC unless otherwise indicated. Media were supplemented with ampicillin (100 mg/ml) or kanamycin (50 mg/ ml) as appropriate.
Deletion of rseA and lpp
The coding sequences for rseA and lpp were deleted from Y. pestis by lambda red recombination following procedures previously described [25, 72] . Regions of homology upstream and downstream of the genes were amplified by PCR using the primer sets listed in Table S3 . The kanamycin resistance cassette used for the selection of recombinants was excised using an FRT-based system as described [72] .
OMV isolation
OMVs were isolated from Y. pestis strains based on previously published protocols [5, 40] . Briefly, Y. pestis was cultured in Erlenmeyer flasks with shaking at 250 RPM for 10 h at 37uC or 26uC. For cold shock experiments, bacteria were cultured as above at 37uC and then placed in an ice slurry water bath for 1 h before proceeding with OMV isolation. Bacteria were centrifuged at 5,000 x g for 20 min and the supernatant, containing the released OMVs, was removed and filter sterilized through a 0.22 mm PES membrane (Millipore), and subsequently checked for sterility by plating on BHI agar. The sterilized supernatant was then concentrated using Centricon Plus-70 100 kDa centrifugation filters (Millipore) according to the manufacturer's recommendations. The concentrated filtrate was subjected to ultracentrifugation at 180,000 x g for 2 h at 4uC. The pelleted fraction containing OMVs was resuspended in 45% Optiprep solution, 10 mM HEPES, 0.85% NaCl, pH 7.4, and OMVs were subjected to density gradient centrifugation (40%, 35%, 30%, 25%, 20% Optiprep/Tris solutions) for 16 h at 100,000 x g at 4uC. Fractions were dialyzed against 50 mM Tris-HCl, pH 6.9 and analyzed for OMV recovery.
OMV protein quantification
To determine the total protein abundance associated with OMVs, the Bradford Assay (Bio-Rad) was performed according to the manufacturer's commendations as described previously for quantifying OMV abundance [9, 63] . For those experiments in which OMV preparations from different conditions and/or strains were compared, OMV protein abundance was normalized to the optical density (OD 620 ) of the bacterial culture at the time of harvest.
Immunoblot analyses
The presence of Caf1, Ail, Pla, Hfq, and RpoA in OMV preparations were determined by immunoblot. Bacterial whole cell lysates were prepared by sonication as previously described [73] . OMVs or lysates (20 mg each) were mixed with reducing sample buffer (10% glycerol, 100 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 0.02% bromophenol blue, 5% bmercaptoethanol) and separated by SDS-PAGE. Proteins were transferred to nitrocellulose membranes for immunblot analyses with antibodies against Pla [74] , Ail (Eric Krukonis, University of Detroit Mercy School of Dentistry), Hfq [53] , Caf1 (Abcam), and RpoA (Melanie Marketon, Indiana University).
Electron microscopy
For scanning and transmission electron microscopy of Y. pestis or purified OMVs, bacteria were cultured for 6 h at 37uC or OMVs were isolated as above. For transmission electron microscopy, 10 ml of each preparation were spotted on nickel grids and incubated at room temperature for 30 min. The grids were then dried, and a solution of 2% formaldehyde/0.5% glutaraldehyde was applied for 15 min. Grids were then rinsed with PBS and negatively stained using 1% uranyl acetate for one min. For immune-gold labeling of OMVs, prior to fixation the Caf1 antibody was incubated with OMVs for 30 min and then washed 3 x for 10 min each with PBS. Secondary antibody conjugated to 6 mM gold beads (Invitrogen) was incubated with OMVs for 30 min and then washed 3 x with PBS followed by negative staining as described above. Images were obtained using the FEI Tecnai Spirit G2 microscopy. For scanning electron microscopy, samples were prepared as described, fixed with 4% paraformaldehyde/1% glutaraldehyde for 30 min followed by sequential dehydration with 20%, 40%, 60%, 80%, 95%, and 36100% ethanol for 10 min each. Dehydrated samples were sputter-coated using the Baltec coating system and imaged on the JEOL Neo Scope Benchtop SEM.
Plasminogen activation assay
Assessment of plg activation by Y. pestis bacteria, culture supernatants, or OMVs was performed as previously described [25] . Briefly, bacteria (8610 6 CFU, cultured in BHI at 37uC for 6 h), 0.22 mm-filtered culture supernatant, 100 kDa-filtered culture supernatant (filtrate), or increasing concentrations of OMVs were incubated with purified human glu-plg (Hematologic Technologies) (4 mg) and the chromogenic substrate D-AFK-ANSNH-iC 4 H 9 -2HBr (SN5; Haematologic) (50 mM) in a total volume of 200 ml PBS. Reaction mixtures were incubated in triplicate for 3 h at 37uC, and the absorbance at 460 nm was measured every 10-11 min in a Molecular Devices SpectraMax M5 fluorescence microplate reader.
a2-antiplasmin degradation assay
Purified OMVs (100 mg) or Y. pestis bacteria (1610 8 CFU, cultured in BHI broth for 6 hours at 37uC) were incubated with active a2-antiplasmin (1 mg, Abcam) at 37uC. At various times, bacteria were removed by centrifugation and proteins contained within the supernatant or the OMV-containing samples were precipitated with 10% trichloroacetic acid and resuspended in an excess of sample buffer. Samples were then separated by SDS-PAGE and transferred to nitrocellulose membranes for analysis with an antibody to a2-antiplasmin (Abcam).
ECM binding assay
To test OMV binding to various ECM components, purified BSA, Matrigel, laminin, collagen, or fibronectin (50 mg each) were added in triplicate to the wells of a 96-well plate overnight at 4uC. Unbound ECM components were removed and the wells washed 3 x with PBS. OMVs (50 mg) were then added to the wells for 18 h at 4uC. The wells were subsequently washed 3 x with PBS and then incubated with an anti-Caf1 antibody for 4 h (1:2,000 dilution). Wells were washed 3 x with PBS, incubated for one h with a FITC-conjugated secondary antibody, washed 3 x with PBS, and then 100 ml of PBS was added. Fluorescence was measured on a Tecan Safire 2 spectrophotometer with an excitation wavelength of 488 nm and an emission wavelength of 519 nm. Results are presented as fold change compared to the BSA wells.
LC-MS/MS analysis
OMVs were isolated as described and proteins were denatured at 50uC with 8 M urea for 60 min. After denaturation, proteins were reduced by adding DTT to a final concentration of 1 mM and incubating at 50uC for 15 min, and subsequently alkylated by adding iodoacetamide to a final concentration of 10 mM and incubating in the dark at room temperature for 15 min. The protein sample was then diluted by the addition of ammonium bicarbonate (100 mM) to a final concentration of 1 M urea and digested with trypsin at 37uC overnight. Samples were desalted using reverse phase C18 spin columns (Thermo Fisher Scientific), and the peptides were concentrated to dryness in vaccuo. After drying, the peptides were suspended in 5% acetonitrile and 0.1% formic acid, loaded directly onto a 15 cm-long, 75 mM reversedphase capillary column (ProteoPep II C18, 300 Å , 5 mm size, New Objective), and separated with a 200 min gradient from 5% acetonitrile to 100% acetonitrile on a Proxeon Easy n-LC II (Thermo Scientific). The peptides were eluted into an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) with electrospray ionization at 350 nl/minute flow rate. The mass spectrometer was operated in data-dependent mode, and for each MS1 precursor ion scan the 10 most intense ions were selected from fragmentation by collision-induced dissociation. The other parameters for mass spectrometry analysis included: resolution of MS1 set at 60,000; normalized collision energy 35%; activation time 10 ms; isolation width 1.5; and +4 and higher charge states were rejected.
The data were processed using Proteome Discoverer (version 1.4, Thermo Scientific) and searched using embedded sequest HT search engine. The data were searched against the reference proteome of Y. pestis downloaded from Uniprot.org. The other parameters were as follows: (i) enzyme specificity: trypsin; (ii) fixed modification: cysteine carbamidomethylation; (iv) variable modification: methionine oxidation and N-terminal acetylation; (v) precursor mass tolerance: 610 ppm; and (vi) fragment ion mass tolerance: 60.8 Da. All the spectra were searched against target/ decoy databases and targeted false discovery rate of 1% was set to achieve high confidence assignment of peptides. Protein grouping was enabled in Proteome discoverer and proteins were grouped to satisfy the rule of parsimony. Further, in the final protein list, protein identification was considered only valid if supported by minimum of two peptides of which at least one has to be unique. The subcellular localization of identified proteins was predicted using PSORTb version 3.0 (http://www.psort.org).
Statistical analysis
Statistical analysis were performed using GraphPad Prism 5.0. For comparison between two groups a two-tailed student's t-test was performed. For comparison of multiple groups a two-way ANOVA was performed with a Bonferroni post-test. In all cases, significance was set to a p value of ,0.05. 
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